Abstract-Mobile ad-hoc sensor networks (MASNETs) have recently become an important area of research for Mobile adhoc networks (MANETs) researchers. The increasing capabilities and the decreasing costs of sensors make MASNETs applications possible to be deployed in real world. However, before such application can be deployed, their performance need to be measured first. But, the use of real-world measurement is costly and time consuming. Therefore, it is more economical and practical to use simulation tools to simulate MASNETs applications. Although, there are many existing simulation tools for MANETs, most of them are not suitable for MASNETs due to resource-constraint of such networks. Therefore, it is essential to have a survey of the existing simulation tools for MASNETs. In this paper, the comparative study on different simulation tools is conducted to identify the most appropriate tool for MASNETs.
I. INTRODUCTION
Mobile wireless sensor networks (MWSNs) have recently become an important area of research for WSN researchers. The increasing capabilities and the decreasing costs of mobile sensors make MWSN applications such as Ocean Monitoring [1] , Cattle [2] , LISTSENse [3] , CenWits [4] and PinPtr [5] become possible and practical to be implemented in real mobile environment. In this type of networks, mobility plays a key role in the deployment of these application. Furthermore, recent studies show that many researchers have proposed mobility-based routing protocols [6] for MWSNs to support mobile applications. Most of these protocols are compared and evaluated through simulation because it is very difficult to duplicate the real world such as in battle field. Thus, the use of real-world measurement is currently almost impossible, certainly costly and time consuming. Therefore, it is more economical and practical to use simulation tools to simulate MWSN applications in mobile environment and to create a statistically significant amount of test runs.
There are many network simulation tools currently available for studying WSNs including GloMoSim, OPNET, ns-2 [7] , but choosing the right one for a given MWSN application is very important. To make this choice easier, we conduct a survey of several commonly used simulators that we find significant and interesting. In this paper, we present the results of the comparative study on different WSN simulation tools for evaluating routing protocols in MWSNs. In the second section, we present our methodology and evaluation criteria. In the third section, we describe and compare selected simulation tools according to the methodology and evaluation criteria. In the fourth section, we further discuss our findings, and in the fifth section, we conclude the paper and outlines the future work.
II. METHODOLOGY AND CRITERIA
There are many different possible platforms for simulation and evaluating of routing protocols for WSNs. Several studies have been done in comparing different simulators for WSNs as in [8] , [9] , [10] , [7] , [11] , [12] . But some of the presented information is outdated and most of these studies are not focus on simulation tools for MWSNs where a mobility is one of the important factors that need to be considered. In contrast to that, we make a more detailed survey of WSNs simulators that most appropriate for MWNs. We define a set of criteria to evaluate and compare the selected simulation tools. These criteria can be distinguished into mandatory and optional criteria based on the requirement priority. The mandatory criteria are the main requirements of simulation tools, and it will be more convenient if the simulation tools can also satisfied the optional criteria. The following are the evaluation criteria that have been identified and classified into mandatory and optional criteria.
A. Mandatory Criteria
The mandatory criteria are the main requirements that are essential for any simulation tools to be able to simulate MWSNs. These criteria are evaluated on a yes (!) / no (%) basis. Simulation tools that fail to meet all the required criteria are given no further consideration. The mandatory evaluation criteria are designed so that a yes (!) / no (%) is easy to determine. There are three mandatory criteria identified for the best selection of MWSN simulation tools as follows:
• WSN-Specific. The selected simulation tools should be designed to simulate specific WSN applications and not just as a general purpose tools. If the tools is not designed as a WSN-Specific simulation tool, it might not consider some unique characteristics of WSN which are needed to accurately simulate the real WSNs environment.
• Energy model. The selected simulation tools need to provide some sort of energy models that able to examine the energy consumption of each static or mobile sensor nodes and the whole network when simulating any routing protocols for static or mobile WSNs.
• Mobility model. The selected simulation tools must support some type of mobility models such as Random Way Point, Manhattan, and Gauss Markov [13] and allow user to modify network topology when simulating MWSN programs. They should also be able to examine the accuracy of simulation results when the network topology has been changed in mobile environments.
B. Optional Criteria
The optional criteria are the extra requirements for any simulation tools for MWSNs. These criteria are also evaluated on a yes (!) / no (%) basis as in mandatory criteria. It is better for any simulation tools to satify most of these extra criteria for ease of use and get more accurate experimental results for MWSNs. The following are six optional criteria that have been identified.
• 
III. SIMULATION TOOLS
In this section, the existing simulation tools that are popular and commonly used are evaluated and compared in order to identify the most suitable simulation tool for MWSNs research. The comparison study will be done based on the mandatory and optional criteria defined in the previous section. [22] , Shawn [23] , Avrora [24] , TOSSIM [25] , ATEMU [26] , EmStar [27] and COOJA [28] . The selection of these simulation tools are based on their popularity, interesting characteristics and key features in simulating WSNs. The brief description of these tools are as follows:
• NS-2 (network simulator version two) [14] Firstly, all these fifteen selected simulation tools are reviewed and compared based on the predefined mandatory criteria. These mandatory criteria are very important in order to get more accurate and reliable experimental results for MWSNs evaluation study. The sources of information for this comparison study are basically from scientific papers, vendor web sites and available documentation. Table I shows the comparison study of the selected simulation tools for WSNs based on the mandatory criteria only. The results from this comparative study will be used for further evaluation with optional criteria.
IV. COMPARATIVE STUDY OF SELECTED SIMULATION TOOLS
For our comparison study, we have reviewed and identified fifteen potential WSN simulators based on their popularity, interesting characteristics and key features. Based on Table  I , there are only five simulation tools out of fifteen that can be considered for further evaluation because of their capability to simulate specific WSN applications and ability to provide energy and mobility models. They are SENSE [22] , Avrora [24] , TOSSIM [25] , EmStar [27] and COOJA [28] simulation tools. These tools will be evaluated again in details based on both mandatory and optional criteria that have been defined earlier.
The following are the details description of the selected simulation tools in terms of their advantages and disadvantages. 
The following are the advantages and disadvantages of SENSE [22] , [30] .
• Advantages: One of the advantages of SENSE is its balanced consideration of modeling methodology and simulation efficiency. It is a user friendly and fast simulator. It is based on a novel component-oriented simulation methodology that promotes extensibility and reusability to the maximum degree. At the same time, the simulation efficiency and the issue of scalability was considered. It also supports a sufficient energy model and parallelization for WSNs. It can provide different battery models, application, network, MAC and physical layer functionalities. It also integrates G-Sense tool to improve on its ease of use through graphical input of simulation parameters, save and load simulation features, and simulation results management.
• Disadvantages: Although the core of the simulator has been gradually stabilized, SENSE is still in its active development phase. At the moment, it still lacks a comprehensive set of models and a wide variety of configuration templates for WSNs.
B. Avrora
The advantages and disadvantages of Avrora [24] are as follows:
• Advantages: Avrora is an accurate and scalable simulator for the actual hardware platform on which sensor programs run. It provides a framework for program analysis, allowing static checking of embedded software. It is also capable of running a complete sensor network simulation with full timing accuracy, allowing programs to communicate via the radio using the software stack provided in TinyOS [31] . It is language and operating system independence where it can simulate any platforms like Mica2 and MicaZ, and run AVR elf-binary or assembly codes for both platforms. It is implemented in Java unlike TOSSIM [32] , which helps flexibility and portability. It can provides a wide range of tools that can be used in simulating WSNs such as control flow graph generation, energy analysis, and the distance-attenuation, and RWP mobility model. Since, it runs code instruction by instruction and avoids synchronizing all nodes after every instruction to achieve better scalability and speed.
• Disadvantages: Although Avrora have many advantages but it also has some drawbacks. Oneof them is that it does not model clock drift, a phenomenon where nodes may run at slightly different clock frequencies over time due to manufacturing tolerances, temperature, and battery performance. It is also does not provide GUI and fifty percent slower than TOSSIM [32] .
C. TOSSIM
There are several advantages and disadvantages of TOSSIM [32] as follows:
• Advantages: TOSSIM simulates the TinyOS [31] network stack at the bit level, allowing experimentation with low-level protocols in addition to top-level application systems. It provides several mechanisms for interacting with the network, packet traffic can be monitored and packets can be statically or dynamically injected into the network. It can support thousands of nodes simulation and provide more precise simulation result at component levels because of compiling directly to native codes. This is a very good feature, because it can more accurately simulate the real world situation. It also has a GUI, TinyViz [32] , which is very convenience for the user to interact with electronic devices because it provides images instead of text commands. It also has an add-on PowerTOSSIMz [33] that can be used to measure energy consumption in WSNs.
• Disadvantages: TOSSIM is designed to simulate behaviors and applications of TinyOS, and not to simulate the performance metrics of other new protocols. Therefore, it cannot correctly simulate issues of the energy consumption in WSNs. Moreover, every node has to run on NesC programming language that is implemented on TinyOS. Thus, it can only emulate motes-like nodes and the type of homogeneous applications.
D. EmStar
EmStar [27] , [34] have some advantages and disadvantages when people use it to simulate WSNs. They are as follows:
• Advantages: EmStar allows the users to run each module separately without sacrificing the reusability of the software due to its modular programming model. It has a robustness feature that it can mitigate faults among the sensors and evaluate much easier. There is a flexible environment in EmStar that users can freely change between deployment and simulation among sensors. Also with a standard interfaces, each service can easily be interconnected. It also has a GUI, which is very helpful for users to control electronic devices. In addition, it provides many online documents to facilities the widely use of this emulator.
• Disadvantages: However, this emulator contains some disadvantages. For example, it can not support large number of sensors simulation, and the limited scalability will decrease the reality of simulation. In addition, it can only run in real time simulation. Moreover, it can only apply to iPAQ-class sensor nodes and MICA2 motes. All these disadvantages limit the use of this emulator.
E. COOJA
The following are the advantages and disadvantages of COOJA [28] in simulating WSNs.
• Advantages: COOJA is primarily a code level simulator for networks consisting of nodes running Contiki OS. Nodes with different simulated hardware and different on-board software may co-exist in the same simulation. It is flexible and extensible in that all levels of the system can be changed such as sensor node platforms and operating system software. Code level simulation is achieved by compiling Contiki core, user processes and special simulation glue drivers into object code native to the simulator platform, and then executing this object code from COOJA [35] . It is able to execute the Contiki programs either by compiling the program code directly on the host CPU, or compiling it for the MSP430 hardware. It can simulate sensor networks simultaneously at different levels, including the operating system level and the network application level.
• Disadvantages: However, due to its extendibility, the simulator has relatively low efficiency. Simulating many nodes with several interfaces each requires a lot of calculations. It supports a limited number of simultaneous node types, the simulator has to be restarted once and a while if the number of nodes exceed allowable limit. A test interface GUI is absent, thus making extensive and time-dependent simulations difficult.
V. DISCUSSION
Data presented in previous section enable us to compare simulation tools and give rough guidelines for their usage. From the comparison matrix of selected simulation tools for MWSNs (as in Table II ), the main contenders for simulating MWSNs appeared to be Avrora and Tossim because these two simulators can simulate mobile environment and at the same time can bridging TinyOS codes into hardware implementation. In addition, these tools also able to provide different models to support MWSN implementation amd can support large number of sensors simulation in comparing to other simlation tools. Although, these simulators are lacking in GUI, but the technical and protocols support provided help users to use these tools effectively.
Based on our experiences using both simulation tools, we have found Avrora more easier to use than TOSSIM. Using Avrora with TinyOS [31] provides a high quality simulation of the actual code that runs on a Micaz node. This allows for more in-depth testing and debugging of applications that do not quite do what they should. Avrora also more flexible and portable than TOSSIM where it can simulates each node as its own thread while still run actual MICA code. Moreover, Avrora can simulate different programming code projects, but TOSSIM can only support TinyOS simulation. Since AVRora simulates the actual AVR chip, custom kernel configurations are not needed in this form of simulation. As such the simulation will take on a form more similar to what is seen in an actual deployment.
VI. CONCLUSION AND FUTURE WORK
We have provided comprehensive study on a number of different commonly used simulation tools for WSNs. From the comparison study, we can identified that Avrora is the most appropriate simulation tool for our research works because most of the criteria that we defined for simulating MWSNs can be provided by Avrora. However, some of the simulation tools outweigh others simulation tools in terms of different evaluation criteria. It is suggested that when selecting any simulation tools, it should based on the specific research requirements criteria to support particular research works. It might also useful to integrate different simulators to get a better results. These results will also help WSNs researchers to find out which of the simulation results are the one closest to their works.
